A novel event-related potential (ERP) elicited by a visuospatial recognition memory task was recorded in 20 patients with temporal lobe epilepsy using depth electrodes sited in the temporal lobes. The ERPs comprised two components, an N400 and a P600, and were similar in morphology to the previously reported ERP to verbal recognition memory tasks. The two ERP components in both verbal and visuospatial tasks were dependent on stimulus type and our data suggest that they do not simply represent delayed P300 ERP responses. In 17/20 patients robust, reliable bilaterally present ERPs were elicited by both verbal and visuospatial memory tasks. N400 amplitude was larger in response to novel stimuli, whereas P600 amplitude was larger to repeated stimuli. P600 amplitude was larger in the right temporal lobe to both visuospatial and verbal stimulus material. N400 and P600 latencies did not vary with task, stimulus type or side of recording. In 3/20 patients, no ERPs were elicited by either memory task. In all 3 cases, unilateral temporal white matter abnormalities were demonstrated by magnetic resonance imaging. Behavioural measures, expressed in the form of standardized accuracy scores, did not differ from those of a normal control group, and hence are unlikely to account for the abnormalities in ERPs. These results are discussed with reference to the primate visual recognition memory pathway and suggest that ERPs to recognition memory tasks are generated by an interaction between the two homologous inferotemporal recognition memory pathways.
INTRODUCTION
Endogenous event-related potentials (ERPs) are thought to reflect neuropsychological correlates of cognitive processes. The most studied has been the P300 ERP (Sutton et al., 1965 (Sutton et al., , 1967 , which is a target detection response. It has been postulated to reflect stimulus expectancy (Duncan-Johnson and Donchin, 1977) , and orienting reflex (Roth et al., 1976) , stimulus evaluation time (Kutas etal., 1977; Duncan-Johnson, 1981; McCarthy and Donchin, 1981; Magliero etal., 1984) , or the updating of representations in working memory (Karis et al., 1984; Fabiani et al., 1986) . P300-like ERPs have been recorded from depth electrodes from a variety of cortical and subcortical structures, both in humans and animals (Halgren et al., 1980; Wood et al., 1984; Yingling and Hosobuchi, 1984; Katayama et al., 1985; O'Connor and Starr, 1985; Wood and McCarthy, 1985) . These studies indicate that there are multiple putative generators of P300-like activity, including the hippocampus, thalamus and frontal lobes. Although it is tempting to suggest that scalp P300 activity is composed of a summation of the P300-like activity from such sources as neocortex, hippocampus and thalamus, the relationship of depth P300 to scalp P300 ERPs is yet to be determined. In man, the scalp P300 is apparently unaffected by unilateral temporal lobectomy (Wood et al., 1982; Stapleton et al., 1987; Johnson, 1988) .
The use of more sophisticated target detection type paradigms requiring subjects to remember and also detect various errors in semantic and/or pictorial stimuli has produced a large body of literature on ERPs elicited by cognitive processes. Kutas and Hillyard (1980a, b, c) were the first to show a negative centroparietal ERP peak, occurring at around 400 ms poststimulus, which was sensitive to visually-presented semantic incongruities in sentences. Subsequent studies also showed the existence of an N400-like peak to auditory semantic incongruity tasks Herning et al., 1987) . A number of N400-like components have also been elicited in response to incongruous words in lists (Polich, 1985) , nonrhyming word pairs and nonword pairs (Rugg, 1984) , as well as reading and naming tasks (Neville et al., 1982; Stuss et al., 1983) . It has been concluded that the N400 reflects inappropriateness of semantic context Hillyard, 1980a, 1983; McCallum etal., 1984; Polich, 1985) or phonological mismatch (Rugg, 1984) . It is interesting to note that incongruities in melodies, scale notes and geometric figures do not elicit N400 (Besson and Macar, 1986) ; however, mental rotation of line drawings (Stuss etal., 1983) and semantic facial matching tasks do produce an N400-like ERP (Barrett and Rugg, 1989) .
Verbal recognition memory tasks were found to elicit a negative/positive ERP complex, which occurred nominally at 400 ms and 600 ms poststimulus (N400 and P600), using depth electrodes sited in the medial temporal structures (Smith et al., 1986) . In this study both novel and repeated stimuli were presented. The N400 was preferentially larger in response to novel stimuli, whereas repeated stimuli elicited larger P600s. Smith et al. (1986) also demonstrated large amplitude gradients and local polarity reversals in their recordings, implying a local generator for these potentials. Subsequent investigations of ERPs elicited during verbal recognition memory tasks using scalp electrodes have demonstrated ERPs of similar morphology and latency, in which the N400 component is enhanced to novel stimuli and the P600 is preferentially larger in response to repeated stimuli (Smith and Halgren, 1988; Nagy and Rugg, 1989; Rugg and Nagy, 1989) . Even more interesting is the observation that the N400 component, as recorded at the scalp, is severely attenuated following unilateral anterior temporal lobectomy (Smith and Halgren, 1988) , suggesting that the temporal lobe may have an important role in processing this kind of visual information. Pictorial recognition memory ERPs (Friedman, 1990 ) also elicited a N400/P600 complex; however, the P600 component did not vary as a function of stimulus type. In this study all the stimulus items were highly verbalizable, concrete items, hence it could be argued that these ERPs may not truly represent pure visuospatial recognition memory processes.
We have previously studied the auditory oddball limbic P300, as recorded from medial temporal depth electrodes of patients being investigated for surgical relief of complex partial seizures (Puce et al., 1989a, b) . Unilaterally absent limbic P300 responses were predictive of the side of the temporal lobe seizure focus and the finding of hippocampal sclerosis (Puce et al., 19896) . We have now designed experiments to explore the by guest on May 13, 2015 Downloaded from processing of recognition memory information using depth electrodes. Here, we show that nonverbal (visuospatial) recognition memory tasks, using abstract nonverbalizable stimuli, elicit ERPs of similar morphology to their verbal analogues and that abnormalities in recognition memory ERPs may occur independently of abnormalities in P300 in patients with temporal lobe epilepsy. Analysis of P300 and recognition memory ERPs recorded from depth electrodes allowed us to examine the putative relationship between these two potentials. The results were also correlated with neuroimaging and interpreted using Mishkin's model of recognition memory in primates (Mishkin, 1982) .
METHODS

Subjects
Twenty patients admitted to the Comprehensive Epilepsy Program at the Austin Hospital for the investigation of intractable complex partial seizures were studied. The presurgical evaluation consisted of neurological, neuroradiological (CT and MRI scan) and neuropsychological assessment, as well as the recording of video and depth EEG correlates of at least 3 spontaneously occurring seizures.
The clinical details of the 20 patients are listed in Table 1 . Mean age was 32.4±8.6 (range 16-50) yrs and there were 12 female patients. All patients were dominantly right handed, as measured by the Edinburgh Handedness Inventory (Oldfield, 1971) , with the exception of Case 6 who was left handed. All patients were tested while they were on full or reduced levels of anticonvulsant polytherapy.
Depth recording electrodes
Depth electrodes were implanted into the temporal lobes bilaterally, using an orthogonal approach, with the tip of the electrode being targeted at the anterior hippocampus (Puce et al., 1989a, b) . The distance between adjacent recording contacts on the depth electrodes was 10 mm. Correct electrode position was verified on CT scan or by skull x-ray and subsequently from the pathological specimen. Other depth recording electrodes were sited according to the individual clinical indications for each patient. In 4/20 patients a clear ictal onset could not be determined, despite the use of bilateral medial temporal and orbitofrontal depth electrodes.
TABLE I. CLINICAL PATIENT DATA (n = 20) AND DISSOCIATION BETWEEN ERP ABNORMALITIES
Case I (M.C.) 2 (S.I.) 3 (M.W.) 4 (J.B.) 5(D.S.) 6(J.D.) 7 (T.P.) 8 (D.W.) 9(V.G.) 10 (C.A.) 11 (G.L.) 12 (N.R R R R R R L L L L L L L L L ? ? ? ? focus. F •= female, RI0O R90 R100 R90 R80 R100 L-50 R100 R68 R47 R90 R75 R80 R80 R100 R75 R68 R80 R68 R90 M = male, L
Cognitive ERP experiments Ethics
The protocol was approved by the Austin Hospital's Ethical Review Committee and each patient gave informed consent for the study.
Recognition memory tasks
All stimuli were presented on an Apple He microcomputer. The microcomputer also controlled task timing, categorized the responses and calculated an accuracy score (Green and Swets, 1966) .
Both recognition memory tasks consisted of the sequential presentation of a list of items. The presentation of each item was repeated once at a random point during the trial. The subject was required to categorize each stimulus item as either a novel or repeated item and indicated his/her choice by pressing 1 of 2 push-buttons. Following a push-button response, an auditory feedback tone signalled to the patient that the response (correct or incorrect) had been registered. If no tone was sounded the response had not been registered by the computer and hence the subject repeated the button press. Verbal task. Sixteen word lists of 60 items were selected using words with an imagery rating of less than 5, according to normative data (Paivio et al., 1968) . Each stimulus item was presented for a period of 6 s and the interstimulus interval (1ST) was 9 s. The minimum interval for repetition was 6 items (45 s), with a mean repetition interval of 18 (range 6-45) items. The inter-item repetition intervals were not significantly different from a normal distribution, using the Kolmogorov-Smirnov test for goodness of fit for either version of the verbal task (version l:d = 0.14, P = 0.20; version 2: d = 0.17, P = 0.08).
Visuospatial (nonverbal) task. Sixteen lists of nonverbal material consisting of 30 items each were constructed. Nonverbal material consisted of abstract 'shapes' (e.g., fig. 1 ) which were presented in 1 to 3 colours (green, violet and white). Shapes were designed to be resistant to verbal description, with all designs being tested for possible verbal interpretation by 2 independent assessors. Items designated as 'verbalizable' were replaced by new items. Each stimulus item was presented for 9 s with an ISI of 15 s. The minimum interval for repetition of stimulus items was 3 items (45 s), with a mean repetition interval of 8 (range 3-15) items. The inter-item repetition intervals were normally distributed for both versions of the visuospatial task (Kolmogorov-Smirnov goodness of fit test, version l:d = O.\9,P = 0.24; version 2: d = 0.21, P = 0.14).
The level of difficulty between the 2 tasks was equalized by using a longer stimulus presentation time in the visuospatial version of the recognition memory task. The relatively lengthy stimulus presentation time in both tasks was adopted, so that patients could perform this task in the postictal state. The behavioural measures in the interictal and postictal states to these tasks have been described elsewhere (Andrewes et al., 1990) . As the minimum time for repetition of stimuli was 45 s for each task, the task was effectively seen to be activating long-term memory processes (Peterson and Peterson, 1959) .
Control tasks. In order to determine if the ERPs were specific to memory processing, 3 control tasks using similar stimulus material were administered.
1. 'PASSIVE' control task, where novel stimulus material (verbal and visuospatial versions) was viewed without responding.
2. A set of 'ACTIVE' control or P300-type paradigms.
(1) The auditory oddball, where 2 sinusoidal tones were presented at an average rate of 0.3/s, with rare tones being presented with a probability of 0.20. This paradigm has already been described in detail elsewhere (Puce et al., 1989a, b) . (2) Identical (nonrepeated) stimulus material to memory tasks, where differentiation was required between: (a) words of animal names from all other words; (b) words containing the letter combination 'oo' from all other words; (c) tricoloured shapes from those presented in 1 or 2 colours. The subject pressed 1 of 2 push-buttons, depending on which of the 2 stimulus types were presented, to every presented stimulus.
ERP recordings
ERPs were recorded on an Medelec 4 channel Sensor system. This was remotely triggered by the Apple He microcomputer, which also controlled the presentation of the memory and visual control tasks. The auditory oddball paradigm was generated on the Apple He, which in turn controlled a Medelec ST10 stimulator.
Memory tasks. ERPs were recorded from the 3 deepest contacts of 4 on each medial temporal electrode, with respect to linked earlobes and a ground electrode on the forehead. Silver/silver chloride electrodes were used for all extracranial placements and electrode impedence was 2-6 kfl. The EEG signal was filtered using a bandpass of 0.1 -30 Hz (-3 dB down). A 2 s recording epoch was used and included a 500 ms prestimulus baseline (250 point slices, sampling ratio of 62.5 Hz).
At 2 s before the presentation of each stimulus item, a fixation character (*) was presented in the centre of the video monitor. ERP recording commenced during the last 500 ms of the presentation of the fixation character, as shown schematically in fig. 2 . ERP recording duration was a subset of the total stimulus presentation time.
A test session consisted of subjects performing both memory tasks. ERPs were recorded over 8 test sessions. In a given session ERPs were recorded in response either to novel and repeated stimuli, or from right or left medial temporal electrodes, ensuring that 2 trials of ERPs were recorded for each condition. This method was adopted, as only 4 channels of ERP data could be recorded in any given session. For each test session (and patient), the order of task presentation and sampling of electrodes and stimulus types were counterbalanced across test sessions.
Test session were conducted only if no seizures had occurred in the preceding 24 h period, and were always on separate days. Video and depth EEG were recorded throughout each test session. If a patient had a seizure during the session, testing was abandoned. The fixation stimulus (*) which is presented for 2 s begins the stimulus cycle. The stimulus remains on for a period of 6 s for words and 9 s for shapes. During this time the subject indicates his/her response by button-press. The fixation stimulus is represented to initiate the next cycle for 9 s for words and 15 s for shapes. ERP recording begins 500 ms before stimulus onset and a 2 s recording epoch is used for both types of memory task.
Control tasks. ERPs were recorded using a 4 channel montage from the 2 deepest contacts of each temporal depth electrode (right and left) on 2 occasions. The recording epoch of 2 s also included a 500 ms prestimulus baseline.
Data analysis
Amplitude and latency of all peaks occurring in the ERP waveform was determined. ERP waveforms were inspected visually for maxima in amplitude occurring in the latency range 300-500 ms for N400, and 500-1200 ms for P600. ERP peak latency was determined by visually selecting the poststimulus time at which a peak occurred. ERP peak amplitude was measured with respect to prestimulus baseline. Prestimulus baseline level was determined by summing amplitude measurements at 50 ms intervals over the 500 ms prestimulus period and taking their average. If no peak(s) were observed in the latency regions of interest ERPs were deemed as being 'absent'.
Memory task ERP data were analysed statistically using a three-way (2x2x2) multiple analysis of variance (MANOVA) using repeated measures (within-subjects comparison) in a nested design. ERP data from the deepest electrode contact from the right and left temporal depth electrodes were included in this analysis. A MANOVA was performed on the latency and amplitude data of each ERP component, with the 3 factors being TASK (visuospatial vs verbal), SIDE (left v right) and STIMULUS TYPE (repeated vs novel items). Only ERP data from patients with clearly lateralizable temporal lobe seizure foci were included in the MANOVA. Note that no interaction terms are generated in this type of MANOVA (repeated measures, within-subjects design).
Control task ERP peak latencies and amplitudes were calculated and the control task ERP morphology was compared with that of the memory task ERPs.
Behavioural measures
Methods used to elicit behavioural measures for this study have been described in detail elsewhere (Andrewes et al., 1990) . Briefly, performance measures for both memory tasks were expressed as accuracy scores, utilizing a probability expression which included the probability of correctly recognized items and the probability of false-positive items. Scores ranged from -1 to +1. An average accuracy score was calculated from all test sessions, excluding the first trial. These averaged accuracy scores were then standardized into i scores, using a multiple regression model for memory performance data for both tasks, generated using a group of normal subjects. Factors such as sex and age of subjects were taken into account using the model. Reaction times were not measured in this study. 
RESULTS
Behavioural measures
Behavioural measures for both memory tasks, in the form of (raw) accuracy scores and standardized z scores for each patient are listed in Table 2 . Patient z scores which were significantly different from normal (P < 0.01, one-tailed) are marked in Table 2 with an asterisk. It is important to note that the standardized z scores of Cases 6, 7 and 20, to be discussed subsequently, did not differ from those of the population of normal subjects in either of the two memory tasks. 
ERP recordings Memory task ERP characteristics
Robust reliable ERPs were elicted bilaterally in response to both types of memory task in 17 patients. ERP morphology was similar across task type ( fig. 3A) and 2 ERP components were identified. The first component was a negative wave peaking at around 400-600 ms poststimulus (N400). The second component peaked at 600-1000 ms poststimulus and was positive in polarity (P600). The polarities of both ERP components remained unaltered across the recording contacts of each depth electrode ( fig. 3B) . In 3/20 patients studied no ERPs were elicited either to the verbal or the visuospatial memory task. Accuracy (performance) scores in these 3 individuals were comparable with the rest of the patients studied and to a population of normal subjects (Andrewes et al., 1990) . Memory task ERPs were absent bilaterally ( fig. 4 ) in 2 patients (Cases 7, 20) . In 1 patient (Case 6), who was explored unilaterally with depth electrodes, the memory task ERPs were also absent.
MANOVA analyses were performed on ERP data of 14 patients, in whom bilaterally present ERPs and clearly lateralized seizure foci were demonstrated. Raw ERP data are listed in Appendices 1 and 2.
MANOVA results on N400 latency (Table 3) failed to reveal any significant main effects for task (visuospatial vs verbal), side (left vs right) or stimulus type (repeat or novel). Testing on N400 amplitude data (Table 4) was an important variable (F 452 = 7.61, P < 0.0005). The group means for N400 amplitude for each stimulus type indicated that N400 amplitude was larger in response to novel stimuli and smaller to repeated stimuli ( fig. 5A ). The other main effects of task and side were not significant.
Similarly, the P600 latency MANOVA analysis (Table 5) showed no significant main effects for task, side or stimulus. P600 amplitude (Table 6 ) varied with stimulus type (F 452 = 10.99, P < 0.00005) and side of recording (F 226 = 3.38, P = 0.05). Group 
Right
Left means for P600 amplitude data indicated that repeated stimuli elicited larger P600s ( fig. 5B ) and these were larger on the right side ( fig. 5c ). No effects of task were noted.
Control task ERPs
The specificity of the memory ERPs was established by the control tasks. No response was elicited to the passive control task ( fig. 6A ) in any of the 20 patients.
The active control task of the classical auditory oddball paradigm showed that in 11/20 cases the limbic P300 was unilaterally absent ipsilateral to the seizure focus ( fig. 6B , Table 1 ). In 6/20 cases robust P300s were elicited bilaterally. In the final 3 cases P300 was bilaterally absent (Case 3), absent contralateral to seizure focus (Case 10) and present ipsilateral to seizure focus in a unilateral recording (Case 6). Details of these cases have been published previously (Puce et al., 198%) . The polarity, latency and amplitude of the limbic P300 for each patient has been included in Appendix 3. In general, P300 polarity was either positive across all depth electrode sites or was negative in the most medial recording contact of the depth electrode and became positive in polarity in all subsequent lateral recording contacts. The visual discrimination tasks, using similar stimulus material to the memory task, failed to generate an N400 or P600. Instead, the ERP elicited to these tasks consisted of a single component which was either positive in polarity or reversed its polarity across depth contacts. This P300-like ERP component was absent unilaterally in the 11/20 cases in whom no limbic P300 was elicited ipsilateral to the seizure focus ( fig. 6c ). This component was also bilaterally present in the 5 cases in whom bilaterally present auditory oddball P300 were recorded and in the 1 case with a unilateral recording. In 1 patient (Case 20), a technically inadequate study was obtained, due mainly to the presence of high amplitude delta activity (Puce et al., 198%) which precluded the recording of reliable ERPs. The recording session was not repeated due to withdrawal of depth electrodes. Similarly, in a further patient (Case 14), removal of depth electrodes precluded further study.
Dissociation between P300 and N400/P600 abnormalities
There was a dissociation between the P300 and N400/P600 ERP abnormalities (Table 1 ). In the 17/20 cases where the N400/P600 ERPs were elicited bilaterally, the by guest on May 13, 2015
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P3OOs were absent unilaterally in 11 cases, present bilaterally in 5 cases and absent bilaterally in 1 case.
In none of the 3 cases with absent memory task ERPs were the P300s bilaterally absent. In 1 patient (Case 7) P3OOs were present bilaterally and in the second (Case 6) P300 was present ipsilateral to the seizure focus (unilateral recording). In the third case (20) the P300 was absent ipsilateral to the seizure focus. While the P300s elicited to the auditory oddball task and those of the simple visual discrimination tasks showed an identical distribution with regard to ERP abnormality, the N400/P600s of the memory tasks produced a different pattern of abnormality.
Clinical and anatomical correlation of ERP abnormalities
Unilaterally absent P300s, found in 12/20 cases, correlated with the side of the epileptogenic temporal lobe, with the exception of Case 10, as previously described (Puce et al., 198%) . Unlike the situation for P300s, N400/P600s were either present bilaterally or absent bilaterally, and thus were not of value in localizing the epileptogenic focus.
The 3 patients with bilaterally absent N400/P600s all had ipsilateral temporal white matter lesions shown on MRI scans ( fig. 7 ). These lesions were ipsilateral to the seizure focus. Case 6 had a large (8 cm long) posterior temporal neocortical and white matter lesion due to a head injury ( fig. 7A) . Case 7 had a similarly sited lesion (4 cm long) due to a probable perinatal posterior cerebral artery occlusion. Case 20 had a small anterior temporal white matter lesion (1 cm diameter) whose cause and nature remains unknown.
None of the 17 patients with bilaterally present N400/P600s had white matter lesions on MRI. Sixteen of these had normal MRI scans, apart from subtle hippocampal abnormalities due to proven or suspected hippocampal sclerosis in 9 cases. The only major MRI abnormality in this group was a 1 cm diameter lesion in the left posterior temporal region, confined to the neocortex, with sparing of the white matter (Case 16). This lesion was not visualized on CT and its nature is unknown.
DISCUSSION
ERP morphology: effects of task demand and stimulus type
We have demonstrated that ERPs of reproducible morphology may be recorded from depth electrodes sited in the temporal lobes to visuospatial recognition memory tasks. The morphology of the visuospatial memory task ERPs was comparable to those previously described to verbal recognition memory tasks (Smith et al., 1986) , also confirmed in this study. The ERPs elicited to both types of memory task consisted of a negative/positive ERP complex, an N400 and a P600. N400s tended to be larger to novel stimuli and P600s to be larger for repeated stimuli in both recognition tasksverbal and visuospatial-verifying the effect of stimulus type seen previously with verbal stimulus material (Smith et al., 1986) . In this study no effects were seen in ERP morphology between sides and task type and there were no differences in the N400/P600 component latencies or N400 amplitude across sides of recording.
The relationship between the depth and surface correlates of recognition memory task ERPs remains to be clarified. Scalp recordings of N400/P600 ERPs in response to recognition memory tasks (Smith and Halgren, 1988; Nagy and Rugg, 1989; Rugg and Nagy, 1989; Friedman, 1990 ) have shown waveforms with peaks of similar morphology and comparable latency range to depth-recorded potentials, which appear to be generated simultaneously in several neocortical and subcortical structures. Recognition memory task ERPs, recorded from the surface, are found to be attenuated following anterior temporal lobectomy (Smith and Halgren, 1988) , unlike auditory oddball P3OOs, which remain unaffected. Smith et al. (1986) postulated that the depth P600, observed preferentially in response to repeated items, was a delayed P300, as it is elicited in a target detection type task. The increased latency was attributed to increased stimulus evaluation time in these relatively difficulty memory tasks compared with auditory oddball tasks, as it is now well established that scalp P300 latency increases with task difficulty by guest on May 13, 2015 Downloaded from (Poon et al., 1976; Magliero et al., 1984; Pfefferbaum et al., 1986; Polich, 1987) . Our results suggest that the P300 and P600 are two different entities. This is best demonstrated by the dissociation of ERP abnormalities, in that P600s (and N400s) were abolished in patients with posterior temporal lesions, while P300 remained unaffected. Conversely, robust P600s were elicited in cases where the P300 was absent ipsilateral to the temporal lobe seizure focus. The P600 (and N400) appear to be specifically generated by recognition memory tasks, as seen by the difference in ERP morphology to tasks with similar stimulus material. In the 'passive' task, effectively no ERPs were elicited by stimulus material which required no response and was presented without repetition. Similarly, the visual discrimination task produced P300-like ERPs which were abolished ipsilateral to seizure focus, in line with the auditory oddball responses. ERP data in scalp recordings also allude to the difference in the two ERP peaks: N400/P600 and P300 show different behaviour following anterior temporal lobectomy.
The precise generators of the recognition memory ERPs are not yet known. We did not observe any local polarity reversals or large amplitude gradients in our orthogonal depth electrodes targeted at the anterior hippocampus, confirming the data of Smith et al. (1986) . In more posteriorly placed electrodes, however, local polarity reversals were noted to occur within the mid and posterior hippocampus and hippocampal gyrus in depth electrodes sited along an anteroposterior medial temporal axis, being consistent with a local generator in the medial temporal regions.
Two hypotheses have been suggested for the apparent stimulus specificity of the N400 and P600. First, each ERP peak may subserve different aspects of information processing, that is, the N400 is related to processing of novel stimuli and the P600 to the recognition of 'familiar' stimuli (Smith et al., 1986) . The N400 may therefore reflect associative activation, whereas the P600 could subserve cognitive closure (Halgren and Smith, 1987) . Hence novel stimuli will produce augmented N400s, which will decline in amplitude as the stimulus becomes familiar, in parallel with the increase in P600 amplitude, which reflects cognitive familiarity. It is, at this stage, unclear whether N400/P600 consists of a single component or is composed of multiple components. Presumably, if the multiple component theory is more likely, a dissociation between the N400 and P600 would have to be demonstrated, for example, in cases with different pathological mechanisms. Conversely, if the N400/P600 ERP complex was a single entity, then lesions would affect both parts of the complex. The case for a single entity is made using the idea that the N400/P600 ERP complex is superimposed on a variable baseline . The baseline shifts in polarity as a function of stimulus type. If the baseline shift becomes more positive, then larger N400s and smaller P600s will be seen. Conversely, if the baseline shift is negative, then larger P600s and smaller N400s will be recorded, as in the repeated stimulus presentations, thereby explaining the apparent separate behaviour of each peak as a function of stimulus type. The preliminary results seen in this study would support this idea, in that both N400 and P600 were affected in the presence of a lesion.
Memory task ERP absence and the primate recognition memory pathway
In patients with temporal lobe epilepsy, the commonest P300 ERP abnormality is a unilaterally absent response that correlates with the epileptogenic side and the frequent finding of sclerosis in the anterior hippocampus (Puce et al., 1989&) . In this sample by guest on May 13, 2015 Downloaded from of patients, the same trend applied, with 12/20 patients showing unilaterally absent auditory oddball P300s. In contrast, using the same group of 12 patients, we found that recognition memory ERPs were either present bilaterally or absent bilaterally in these cases. Whilst the left hemisphere is thought to be predominantly involved with verbal information, and right with nonverbal, at least from a neuropsychological perspective, the verbal and visuospatial memory ERPs were morphologically identical across sides. The lack of lateralization may be due to at least two factors: (1) lack of specificity of the memory tasks; (2) a physiological nonlateralization across tasks.
It is unlikely that the memory tasks were not specific, as behavioural data reported elsewhere (Andrewes et al., 1990) showed selective memory deficits in a subset of these patients tested in the immediate postictal period and also postoperatively. Behavioural data demonstrated decreased verbal memory performance in cases of left sided seizure/temporal lobectomy, with the converse selective (visuospatial) memory deficit being demonstrated with right sided seizures/surgery. It appears therefore that N400 amplitude, at least, remains unaffected as a function of recording side and task. P600 amplitude elicited to both memory tasks was larger in the right temporal lobe, but the significance of this finding is unclear. Of the 14 patients included in the analysis, 9 had a left temporal lobe seizure focus. The differences in P600 amplitude across sides could be due either to genuine left-right ERP asymmetry or differences between epileptogenic and nonepileptogenic temporal lobes. Study of a larger group of patients is needed to resolve this question.
The bilateral absence of memory task ERPs may be interpreted in the light of theoretical and experimental studies of primate recognition memory. Mishkin (1982) proposed a pathway for visual recognition memory which involved the passage of visual information from the occipital cortex to the inferior temporal cortex (area TE). The inferior temporal cortex then sends its connections to the amygdala and hippocampus, via temporal white matter, which in turn then passes on the information via the dorsomedial nuclei and anterior nuclei of the thalamus to midline thalamic structures. Mishkin noted that bilateral lesions to area TE and beyond this point in the recognition memory pathway markedly impaired performance in primate recognition memory. Subsequent studies of primate memory have examined and confirmed the effects of lesions at various points in Mishkin's memory pathway (Mahut etal., 1982; Aggleton and Mishkin, 1983; Zola-Morgan and Squire, 1984; Salmon etal., 1987) . Recent studies of single unit activity have confirmed the role played by the inferotemporal cortex in primate recognition memory processes (Rolls et al., 1982; Brown et al., 1987; Miyashita and Chang, 1988; Phillips et al., 1988) . Reciprocal connections between inferotemporal cortex and hippocampus (field CA1) have also been demonstrated Yukie and Iwai, 1988) .
In the 3 patients with absent N4OO/P6OOs it is possible that the unilateral lesion in the temporal white matter interrupted the passage of visual information on its way to the ipsilateral inferior temporal cortex (area TE) and subsequent recognition memory pathway structures. The memory performance of these patients, however, was not significantly impaired, suggesting some compensation by the intact hemisphere. The identical ERPs seen on both type of recognition memory task may reflect an interaction between two intact recognition memory pathways. If this assumption is true, then a lesion in one of these pathways may preclude an interaction between the hemispheres, and hence the ERPs will be absent bilaterally, as seen in this study. Thus while the by guest on May 13, 2015
Downloaded from material-specific neuropsychological response may be structurally more dependent on one hemisphere rather than the other, both hemispheres may actually be activated during the memory process with regard to neuropsychological function. Certainly, Smith and Halgren (1988) 
